The abundance of elements synthesized by the rapid neutron-capture process (r-process elements) of extremely metal-poor (EMP) stars in the Local Group galaxies gives us clues to clarify the early evolutionary history of the Milky Way halo. The Local Group dwarf galaxies would have similarly evolved with building blocks of the Milky Way halo. However, how the chemo-dynamical evolution of the building blocks affects the abundance of r-process elements is not yet clear. In this paper, we perform a series of simulations using dwarf galaxy models with various dynamical times and total mass, which determine star-formation histories. We find that galaxies with dynamical times longer than 100 Myr have star formation rates less than 10 −3 M ⊙ yr −1 and slowly enrich metals in their early phase. These galaxies can explain the observed large scatters of r-process abundance in EMP stars in the Milky Way halo regardless of their total mass. On the other hand, the first neutron star merger appears at a higher metallicity in galaxies with a dynamical time shorter than typical neutron star merger times. The scatters of r-process elements mainly come from inhomogeneity of the metals in the interstellar medium whereas the scatters of α-elements are mostly due to the difference in the yield of each supernova. Our results demonstrate that the future observations of r-process elements in EMP stars will be able to constrain the early chemo-dynamical evolution of the Local Group galaxies.
INTRODUCTION
The chemical abundance of extremely metal-poor (EMP) stars ([Fe/H] Ishigaki et al. 2013; Aoki et al. 2013; Roederer et al. 2014) . These scatters may indicate that r-process elements were produced in specific site(s) before spatial variations of metallicity distribution in the MW halo have been homogenized. According to the hierarchical structure formation scenario, haloes of large galaxies are formed from the accretion of smaller systems (e.g. White & Rees 1978; Diemand et al. 2007; Springel et al. 2008; Griffen et al. 2016) . The star-to-star scatters would have already formed in the MW subhaloes.
Although observations of the MW halo stars cannot directly show us how the MW progenitor galaxies evolved, the chemical abundances of the Local Group (LG) dwarf galaxies would provide hints to help us understand the evolutionary histories of the building blocks of the MW. Each dwarf galaxy seems to have a different distribution of r-process elements whereas observed abundances of elements lighter than Zn in EMP stars of dwarf galaxies are more or less in reasonable agreement with those of the MW halo c 2017 The Authors (Frebel et al. 2010b,a) . The enhancements of r-process elements of dwarf spheroidal galaxies (dSphs) are slightly lower than those of the MW halo (e.g. Frebel & Norris 2015) . On the other hand, ultrafaint dwarf galaxies have significantly depleted r-process abundances in general (e.g. Frebel & Norris 2015) except for the ultrafaint dwarf galaxy Reticulum II, which shows substantial enhancement of Eu (Roederer et al. 2016; Ji et al. 2016a,b) . Although the distribution of [r/Fe] seems to differ among dwarf galaxies, the dispersion at the given metallicity in the sum of different dwarf galaxies agrees well with that of the MW halo stars. These observational results imply that the LG dwarf galaxies should have similarly evolved with building blocks of the MW in the early phase.
This r-process abundance in the LG galaxies reflect the astrophysical site of r-process elements. It is therefore required to clarify the astrophysical site. Binary neutron star mergers (NSMs) are suggested to be one of the most promising astrophysical sites of r-process (e.g. Lattimer & Schramm 1974 , 1976 Lattimer et al. 1977; Symbalisty & Schramm 1982; Eichler et al. 1989; Meyer 1989) . Nucleosynthesis studies have shown that NSMs can synthesize heavy elements with a mass number over 110 (Freiburghaus et al. 1999; Roberts et al. 2011; Goriely et al. 2011; Korobkin et al. 2012; Bauswein et al. 2013; Rosswog et al. 2014; Wanajo et al. 2014; Shibagaki et al. 2016) . Recently, the infrared afterglow of the short-duration γ-ray burst GRB130603B was detected (Berger et al. 2013; Tanvir et al. 2013 ). This observation is presumed to be a piece of the evidence that compact binary mergers are the source of r-process elements (Tanaka & Hotokezaka 2013; Hotokezaka et al. 2016) .
On the other hand, long NS merger times may make it problematic to explain the star-to-star scatters of r-process elements in EMP stars (Mathews & Cowan 1990; Argast et al. 2004) . Binary NSs lose their angular momentum by emitting gravitational waves. Observation of binary pulsars reported that all known and possible binary NSs are expected to take more than ∼ 100 Myr after the formation of binary systems to merge (Lorimer 2008) . Population synthesis calculations have also shown that large fractions of NSMs have merger times longer than 100 Myr (Belczynski et al. 2002 (Belczynski et al. , 2006 Dominik et al. 2012; Kinugawa et al. 2014) . Several chemical evolution studies, however, pointed out that the observed star-to-star scatters of r-process elemental abundance ratios cannot be explained if they assume merger times of 100 Myr as a source of r-process elements (Mathews & Cowan 1990; Argast et al. 2004; Matteucci et al. 2014; Cescutti et al. 2015; Wehmeyer et al. 2015) because the mean value of [Fe/H] has already reached over −2 when the first NSMs occurred in their chemical evolution models (e.g. Argast et al. 2000) .
In addition to the problem of long merger times, Argast et al. (2004) suggested that the rate of NSMs also make it problematic to explain the observed abundance ratio of r-process elements by using their inhomogeneous chemical evolution models. The rate of NSMs in an MW mass galaxy is estimated to be ∼ 1 -1000 Myr −1 from the observed binary pulsars and population synthesis calculations (Abadie et al. 2010) . If the rate of NSMs is such low, we need the high yields of r-process elements to explain the total abundance of r-process elements in the MW. Argast et al. (2004) pointed out that extremely higher abundances of r-process elements appear even in [Fe/H] ∼ −1 than that of observations. Recent studies have proposed solutions to these problems of NSMs in the galactic chemical evolution Matteucci et al. 2014; Tsujimoto & Shigeyama 2014; van de Voort et al. 2015; Cescutti et al. 2015; Ishimaru et al. 2015; Shen et al. 2015; Wehmeyer et al. 2015; Tsujimoto & Nishimura 2015; Hirai et al. 2015; Vangioni et al. 2016; Komiya & Shigeyama 2016; Côté et al. 2016) . Properly taking account of the mixing of metals would resolve the first problem related to a low NSM rate (Tsujimoto & Shigeyama 2014; Shen et al. 2015; Hirai et al. 2015) . Considering the galaxy formation process would resolve the second issue of long merger times. Ishimaru et al. (2015) have shown that NSMs with a long merger time of 100 Myr can explain the observed ratio of r-process elements to iron such as [Eu/Fe] if the MW halo formed via hierarchical mergers of sub-haloes with different star-formation (SF) efficiencies.
SF efficiencies of progenitor galaxies of the MW are deeply related to the dynamical evolution of galaxies. It is thus required to examine the dependence on the SF efficiencies on dynamical conditions, by using chemo-dynamical simulations of galaxies beyond simple chemical evolution models. Shen et al. (2015) and van de Voort et al. (2015) performed hydrodynamic MW-formation simulations beginning from cosmological initial conditions. Their simulations can self-consistently follow the evolutionary history of the MW. However, mass resolutions of their models are not enough to discuss sub-structures of the MW halo. Hirai et al. (2015) have constructed N-body/smoothed particle hydrodynamics (SPH) models of dwarf galaxies with higher resolution. Their results suggest that the observed [Eu/Fe] in EMP stars can be accounted for by NSMs with merger times of 300 Myr. Low SF efficiency in the early phase of the evolution of dwarf galaxies causes the formation of EMP stars with r-process elements which are consistent with observations. They also identified that enrichment of r-process elements has a strong connection with the dynamical evolution of galaxies. These simulations were, however, performed for a fixed dark matter halo model producing only one example of the evolutionary history of a dwarf galaxy. On the other hand, observational studies suggest diversity of SF histories (SFHs) of the LG dwarf galaxies (e.g. Tolstoy et al. 2009 ). We, therefore, perform simulations with the MW progenitor galaxies with different dynamical evolution to examine how the dynamical evolution of galaxies affects the enrichment of r-process elements.
In Section 2, we describe our method and models. In Section 3, we compare the properties of our models and the observed dwarf galaxies. In Section 4, we show the relation between the dynamical evolution of dwarf galaxies and enrichment of r-process elements. Section 5 discusses the implication to the MW halo formation. In Section 6, we summarize the main results.
METHODS AND MODELS

Methods
We perform a series of simulations with an N-body/SPH code, asura (Saitoh et al. 2008 ). Hirai et al. (2015) describe details of our code and models. Here, we briefly describe our method and models.
Gravity is calculated using the tree method (Barnes & Hut 1986) to reduce the calculation cost of gravitational interaction. For computation of hydrodynamics, we use a standard SPH method (e.g. Gingold & Monaghan 1977; Lucy 1977; Monaghan & Lattanzio 1985; Monaghan 1992) . To properly treat a contact discontinuity, we need to modify SPH formalism to the density-independent formalism of SPH (Hopkins 2013; Saitoh & Makino 2013; Yamamoto, Saitoh & Makino 2015) . The difference of the treatment of hydrodynamics significantly affects, for example, the entropy profiles of galaxy clusters (Saitoh & Makino 2016) and galaxies which experience ram pressure stripping (Nichols et al. 2014) . However, in the case of isolated galaxy simulations, Hopkins (2013) has shown that time-averaged SFRs are not significantly different with the formalisms of SPH. We thus choose widely used standard SPH method in this study. We also implement a time-step limiter to correctly treat strong shocks in high-resolution SPH simulations ) and a fully asynchronous split time-integrator for a self-gravitating fluid to reduce the calculation cost (Saitoh & Makino 2010) . We adopt a metallicity-dependent cooling/heating function from 10 K to 10 9 K generated by Cloudy (Ferland et al. 1998 (Ferland et al. , 2013 . Ultra-violet background heating is implemented following Haardt & Madau (2012) . We also implemented the effect of hydrogen self-shielding following the fitting function of Rahmati et al. (2013) .
For star formation, a gas particle is required to satisfy three conditions: (1) ∇ · v < 0, (2) n > 100 cm −3 , and (3) T < 1000 K, where v, n, and T are the velocity, the number density, and the temperature of the gas particle, respectively. When a gas particle satisfies these conditions, we convert the gas particle to a star particle following the prescription of Katz (1992) to be consistent with Schmidt law (Schmidt 1959) . We set the value of the dimensionless SF efficiency parameter to be c ⋆ = 0.033 following Saitoh et al. (2008) . Hirai et al. (2015) confirmed that the value of c ⋆ does not strongly affect the SF rates (SFRs) of dwarf galaxies as long as we use such high mass resolution and the set of SF threshold.
We adopt the averaged metallicity of 32 nearest neighbour gas particles in the SF region as the metallicity of newly formed star particles following Shen et al. (2015) ; Hirai et al. (2015) for metal mixing. We assume that metals in SF region are instantaneously mixed following the observation of uniform metallicity distributions in open-star clusters (De Silva et al. 2007a,b; Ting et al. 2012; De Silva et al. 2013; Pancino et al. 2010; Bubar & King 2010; Reddy et al. 2012 Reddy et al. , 2013 . Revaz et al. (2016) have shown that the treatment of metal mixing affect the scatters of [α/Fe] as a function of [Fe/H] . In Section 3, we confirm that the models reproduce the low scatters of α-elements observed in EMP stars of the MW halo and dwarf galaxies. Hirai et al. (2015) discussed the impact on metal mixing on the abundance of r-process elements.
We treat each star particle as a single stellar population assuming Salpeter (1955) initial mass function (IMF) of the power law index −1 + α with α = −1.35 between a mass range 0.1 M ⊙ and 100 M ⊙ . Stars more massive than 8 M ⊙ are assumed to explode as core-collapse supernovae (SNe) following the prescription of Okamoto, Nemmen & Bower (2008) . Each SN ejects thermal energy of 10 51 ergs to the surrounding gas particles. Numerical simulations of galaxy formation widely adopt this method (e.g. Okamoto et al. 2008; Saitoh et al. 2008; Dalla Vecchia & Schaye 2012; Simpson et al. 2013; Vogelsberger et al. 2013; Hopkins et al. 2014) . We adopt the nucleosynthesis yields of Nomoto et al. (2006) for core-collapse SNe. We also implement the heating of H II region by young massive stars using PÉGASE (Fioc & Rocca-Volmerange 1997) .
Since our aim is to discuss [Eu/Fe] in the MW halo, where the effect of SNe Ia is small, we do not implement effects of Type Ia supernovae (SNe Ia) to reduce the uncertainty related to the modelling of SNe Ia. In this study, we focus on the abundance of r-process elements of EMP stars. We thus plot the abundance of r-process elements at 1 Gyr from the onset of the major SF. In this phase, the effect of SNe Ia is still small because typical delay times of SNe Ia are ∼ 1 Gyr (Maoz, Mannucci & Nelemans 2014) . We adopt the solar system abundances of Asplund et al. (2009) .
We assume that 1 % of stars in the mass range of 8 -20 M ⊙ cause NSMs corresponding to the rate of ∼ 5 × 10 −5 yr −1 for an MW sized galaxy. This rate is consistent with the estimate from the observed binary pulsars (Abadie et al. 2010) . We assume each NSM ejects 2 × 10 −5 M ⊙ of Eu following Ishimaru et al. (2015) . Merger time distribution is highly uncertain. Dominik et al. (2012) have shown that the merger time has a power law distribution between ∼10 Myr to 10 Gyr with the index of −1 to −2. However, the predicted distribution is highly subject to the treatment of common envelope phases which are not well understood. Besides, the number of observed binary pulsars is still too small to constrain the merger time distribution (Lorimer 2008) .
The most pessimistic model of Dominik et al. (2012) predicts the merger time of 100 Myr. This time-scale is so far the minimum merger time estimated from the observed binary pulsars (Lorimer 2008) . EMP stars are thought to have been formed in the early phase of galaxy evolution. These stars which exhibit r-process elements in the stellar atmosphere are thus most likely polluted by NSMs which have the shortest merger times. We, therefore, take the merger time of 100 Myr as a fiducial value as in the previous studies (Argast et al. 2004; Komiya et al. 2014; Matteucci et al. 2014; Tsujimoto & Shigeyama 2014; Cescutti et al. 2015; Ishimaru et al. 2015; Wehmeyer et al. 2015) . Hirai et al. (2015) discuss the variations of merger times. We also discuss the effect of varying merger times of NSMs in Section 4.3.
Isolated dwarf galaxy models
In this study, we assume isolated dwarf galaxy models following Revaz et al. (2009) and Revaz & Jablonka (2012) . We set the total number of particles and the gravitational softening length equal to 2 19 and 7.0 pc, respectively. We take the mass ratio of gasto-dark matter particle of 0.15 (Planck Collaboration et al. 2014 ). Both dark matter and gas particles follow the pseudo-isothermal profile (Begeman et al. 1991) , based on the observed dark matter profiles of nearby dwarf galaxies (Oh et al. 2011 (Oh et al. , 2015 ,
where ρ(r) is the density of both dark matter and gas particles, ρ c is the central density, and r c is the core radius. The initial values of ρ c (0.5 -10.0 × 10 7 M ⊙ kpc −3 ) evolve to stellar central density of ∼ 10 8−10 M ⊙ kpc −3 at 13.8 Gyr from the beginning of the simulation. These values are consistent with central densities of the observed nearby dwarf galaxies (∼ 10 6−10 M ⊙ kpc −3 , Oh et al. 2011; Adams et al. 2014; Oh et al. 2015; Burkert 2015) .
The total mass of the galaxy (M tot ) satisfies the following equation,
where r max is the maximum outer radius. We fix r max = 7.1 r c (Hirai et al. 2015) except for model D. Model D has r max = r c = 1 kpc to discuss chemo-dynamical evolution of dwarf galaxies having very high density resulting in a strong inflow at the early evolutionary phase. We summarize parameters of all models in Table 1 . The central density and total mass are the free parameters of our models. We can estimate the dynamical time of the central region of galaxies from the density of the system (t dyn = 3/4πGρ c ), where G is the gravitational constant. Higher ρ c therefore gives shorter t dyn . We can calculate other parameters from Equations (1) and (2) with the total number of particles of 2 19 . We have performed the high-resolution simulation to resolve Table 1 . List of our models. From left to right the columns show model name, total mass, initial central density, mass of one dark matter particle, the mass of one gas particle, maximum radius, core radius, merger times of NSMs, and calculated dynamical times of the central density. the scale down to ∼ 10 pc properly. The mass of a star particle in this simulation is ∼ 100 M ⊙ . When the mass of a star particle is ∼100 M ⊙ , there are ∼ 1 SNe in an SSP particle. In this case, the results depend on the way how we sample the IMF (Revaz et al. 2016) . We randomly sample the IMF following Okamoto et al. (2008) . The IMF sampling is significantly important when we discuss the [α/Fe] ratio in galaxies because SN produces both α-elements and Fe and different mass SNe produce a different ratio of [α/Fe] . On the other hand, when we discuss Eu abundance, the effect of IMF sampling is smaller than the α-element abundance because Eu yield does not depend on the mass of the progenitors of NSMs (Wanajo et al. 2014) . We have checked that scatters of [Eu/Fe] do not strongly depend on the resolution of the simulation. The chemo-dynamical evolution of dwarf galaxies strongly depends on the initial density and total mass (Carraro et al. 2001; Chiosi & Carraro 2002; Valcke et al. 2008; Revaz et al. 2009; Revaz & Jablonka 2012) . The initial density affects the SFHs of dwarf galaxies (Carraro et al. 2001) . Isolated dwarf galaxy models with different total masses describe various observational properties (Valcke et al. 2008) . These are therefore two critical parameters to understand in the relation between dynamical evolution and enrichment of r-process elements. They affect the final properties of dwarf galaxies such as metallicity and stellar mass (Revaz & Jablonka 2012) . Fig. 1 shows the initial radial density profiles of dark matter particles in our models. The initial central density varies by ∼ 1 dex among models A, B, C, and D (Fig. 1a) . On the other hand, models A, E, and F have different values of the total mass, but the central density is the same among them (Fig. 1b) . In Section 3, we show that these models reproduce the observed chemical properties of dwarf galaxies.
COMPARISON WITH OBSERVED DWARF GALAXIES
In this section, we compare the predicted and observed properties of dwarf galaxies. Hydrodynamic simulations of galaxies still rely on sub-grid physics such as metal mixing and SN feedback which cannot resolve in simulations of galaxies. It is thus necessary to confirm that our simulations are consistent with fundamental properties of observed galaxies. Here we show that the metallicity distribution function, mass-metallicity relation, and [α/Fe] as a func- The same as those in (a) but for different total masses. Red, cyan, and magenta curves represent models A, E, and F, respectively. tion of [Fe/H] predicted in our models are not significantly different from the observed dwarf galaxies. Fig. 2 shows the computed metallicity distribution function (MDF) after 14 Gyr from the beginning of the simulation. We plot the results at 14 Gyr to compare with observational data of the LG dwarf galaxies. Table 2 displays stellar mass, median metallicity, and standard deviations of our models at 14 Gyr. Although we did not try to match the observed dwarf galaxies, standard deviations of MDFs (∼0.35-0.60) lie within that of the observed LG dwarf galaxies (0.32-0.66, Kirby et al. 2013) . These MDFs reflect the SFHs of each galaxy. Higher central density models (A, B, C, and D) have steeper slopes of MDFs in low metallicity (Fig. 2a) . This result implies that metals are enriched faster in higher central density models in their early phase. The MDF of Model D shows a narrow peak with low-metallicity tail due to rapid chemical evolution in its early phase. On the other hand, the MDF of model F has a sharp cut-off in the metal-rich side because the SFR does not decrease too much from its peak value. The same as those in (a) but for different total masses. Red, cyan, and magenta curves represent models A, E, and F, respectively. The same as those in (a) but for different total masses. Red, cyan, and magenta curves represent models A, E, and F, respectively. Fig. 3 shows gas MDFs at 0.2 Gyr from the beginning of the SF. This time roughly corresponds to the time when the first NSM occurs. According to this figure, the gas MDFs of models A, B, E, and F are broader than those in models C, and D. Inhomogeneity of gas phase metallicity significantly affects the scatters of [Eu/Fe] (see Section 4.1).
Metallicity distribution function
Mass-metallicity relation
In Fig. 4 , we show the comparison of the predicted mass-metallicity relation to that of the observed dwarf galaxies. The median metallicity in our models increases as the stellar mass increases. This feature is consistent with the observation (Kirby et al. 2013) . Both metallicity and stellar mass increase as the density (models A, B, C, D) or total mass (models A, E, F) increases. More massive or higher-density galaxies have deeper gravitational potential well than less massive or lower-density galaxies. In such galaxies, gas and metals are barely removed from the galaxies (e.g. Dekel & Silk 1986) . In this sense, total mass and density have similar effects on the final stellar mass and metallicity.
Slightly lower metallicity by ∼ 0.4 dex in our models than that in the observations is due to the lack of SNe Ia. According to the observed [α/Fe] as a function of [Fe/H] in the MW halo stars, SNe II and SNe Ia produce ∼ 35-40 % and ∼ 60-65 % of solar Fe (Goswami & Prantzos 2000; Prantzos 2008) . Note that the increase of metallicity due to SNe Ia in different galaxies is not a constant value. It is affected by SFHs of each galaxy. However, since the aim of this paper is to discuss r-process elements produced in the early phase of galaxy evolution where the contribution of SNe Ia is negligible, discussion of the effect of SNe Ia is beyond the scope of this paper. We thus simply shift the metallicity with 0.4 dex in each galaxy to compare with the observation as shown in large symbols in Fig. 4 .
Metallicity in model D is higher than that of the observed mass-metallicity relation. Metals in model D are efficiently retained inside the galaxy because strong inflow caused by a very compact density profile (Fig. 1) in the early phase prevents metal-outflow. This model is too extreme as an initial condition for the dwarf galaxies, and indeed the resulting stellar mass and metallicity deviate from the observed relation. From the viewpoint of the massmetallicity relation, we can exclude model D from the models that represent the observed LG dwarf galaxies.
The slope of the mass-metallicity relation given by models in Fig. 4 is slightly steeper than that of the observation. This result might be related to the lack of tidal disruption effect, which we did not implement in this study, and insufficient feedback. The stellar mass of small galaxies can be easily reduced by tidal disruptions (e.g. Nichols et al. 2014) . Stellar feedback also affects the slope of the mass-metallicity relation. In our simulations, we only assume thermal feedback from SNe. Okamoto, Shimizu & Yoshida (2014) point out that the radiation-pressure feedback from young stars suppresses SF more efficiently in galaxies with higher metallicity and produces a shallower slope of the mass-metallicity relation. Several semi-analytic models, as well as hydrodynamic simulations, report the steeper slope (e.g. Davé et al. 2013; Lu et al. 2014; Torrey et al. 2014; Somerville & Davé 2015) . Isolated dwarf galaxy models adopted in this study might, however, oversimplify the evolutionary history of dwarf galaxies. We will study the evolutionary history of the LG galaxies in the context of standard Λ CDM cosmology in a forthcoming paper. . Stellar mass-metallicity relation for models and the LG dwarf galaxies. Large, coloured dots stand for 0.4 dex shifted metallicity to account for lack of SNe Ia in models A (red-filled circle), B (green-filled circle), C (blue-filled circle), D (orange-inverted triangle), E (cyan-filled square), and F (magenta-filled square). Small coloured dots stand for the same models, but their metallicity is not corrected. Black diamonds, triangles, and squares with error bars are the observed value of the MW dSphs, M31 dSphs, and the LG dwarf irregulars (dIrrs), respectively (Kirby et al. 2013, K13) Ia start to contribute at around [Fe/H] ∼ −2 in these models, i.e. [Mg/Fe] begins to decrease at around this metallicity which is consistent with the observed MW dSphs. On the other hand, the metallicity of model D is already too high to explain [Mg/Fe] in the MW dSphs. Decreasing trend of [Mg/Fe] in models C and D reflects the adopted yield that more massive stars produce higher [Mg/Fe] ratio (Nomoto et al. 2006 ). Fig. 6 shows the standard deviation of [Mg/Fe] as a function of [Fe/H]. We can confirm that scatters of all models have lower than 0.2 dex. Standard deviations of all models decrease as the metallicity increases. This result reflects that the spatial distribution of metallicity becomes homogeneous in higher metallicity. Fig. 7 shows [Mg/Fe] as a function of [Fe/H] for gases at 1 Gyr. According to this figure, the scatters of [Mg/Fe] are also small in the interstellar medium (ISM) of our models. According to these results, we confirm that all models have low [Mg/Fe] scatters in EMP stars. This result ensures that the metal mixing scheme adopted here is not too unnatural.
α-element abundance
The small scatters of [Mg/Fe] mainly come from the difference in the yields of each SN rather than the spatial inhomogeneity of the abundance of Mg and Fe. Since SNe synthesize both Mg and Fe, the spatial variations of the abundance of Mg and Fe are related. When the abundance of Fe is high in a region, Mg is also high in many cases. Therefore, they offset each other due to the above relation making the resultant scatters of [Mg/Fe] very small.
ENRICHMENT OF r-PROCESS ELEMENTS
Effects of initial density of haloes
The difference in dynamical evolution directly affects the time variations of SFRs which strongly influence the enrichment of rprocess elements. Here we show the effects of initial density of haloes (models A, B, C, and D). Fig. 8 shows the SFHs in models A, B, C, and D. The gases collapse during the initial dynamical time, t dyn , and then the first SF occurs. Dynamical times in models A and B are much longer than the lifetimes of SN progenitors (∼ 10 Myr). This fact means that SN feedback from the first generation stars heats the ISM to prevent the subsequent collapse of gases and the formation of the next generation stars. The SFR in the early epoch is therefore as low as 10 −3 M ⊙ yr −1 in models A and B (Fig. 8) , which is consistent with the average observed SFR of the LG dwarf galaxies estimated from colour-magnitude diagrams (e.g. de Boer et al. 2012a,b; Weisz et al. 2014) .
On the other hand, dynamical times in models C and D are comparable to the time-scale of the first SN feedback. In these models, SFRs are not suppressed by the SN feedback due to short dynamical times. The SFR in the early epoch thus significantly rises as shown in Fig. 8 . When the contribution of SN feedback increases as the time passes, the SFR is suppressed in these models.
In Fig. 9 , we show the mean stellar [Fe/H] (Fig. 1) is unrealistic. We can, therefore, exclude model D from the MW progenitor galaxies at least in terms of Eu abundance.
The star-to-star scatters of [Eu/Fe] can come from inhomogeneous spatial distribution of metals in ISM of dwarf galaxies (Hirai et al. 2015) . Fig. 11 shows the standard deviation of [Eu/Fe] (σ) as a function of [Fe/H] . Models A and B in Fig. 11 lead to larger dispersion (σ > 1) than model C (σ < 0.4) in [Fe/H] −2.5. As shown in Fig. 3 , models A and B have broader gas MDFs than those of models C and D. These results suggest that the spatial distribution of metals is still inhomogeneous in models A and B when [Fe/H] for stars predicted by models after 1 Gyr evolution, i.e. before the onset of SNe Ia. The time of the onset of SF from the start of the simulation in models A, B, C, D, E, and F is 0.21 Gyr, 0.06 Gyr, 0.02 Gyr, 0.02 Gyr, 0.27 Gyr, and 0.10 Gyr, respectively. We plot models A, B, C and D, E, F from left to right in top and bottom panels, respectively. Gray scales are the number of stars predicted in our models, between 1 (black) to 100 (white). The small dots are the observed value of the MW halo stars. Red, blue, green, cyan, magenta and orange dots are the observed value of Carina, Draco, Fornax, Leo I, Sculptor, and Ursa Minor dwarf galaxies, respectively. We compile all data in SAGA database (Suda et al. 2008 (Suda et al. , 2011 Yamada et al. 2013 ).
NSMs have first occurred whereas the ISM must have been already homogenized in model C.
To quantify the inhomogeneity of metallicity in galaxies, Argast et al. (2000) introduced a metal pollution factor ( f poll ). We define it with M poll /M tot , where M poll is the gas mass polluted by SNe and M tot is the total gas mass in the galaxy. According to Argast et al. (2000) , M poll is equal to N SN M sw , where N SN is the number of SNe and M sw is the gas mass swept up by an SN. In our case, we need to add the term of metal mixing in an SF region to f poll defined in Argast et al. (2000) . The pollution factor in this study is equal to N SN M sw + N ⋆ M mix , where M sw is the gas mass within SPH kernel when we distribute metals, N ⋆ is the number of stars, and M mix is the gas mass used for metal mixing in an SF region. If f poll 1, the whole galaxy is polluted by SNe, i.e. the spatial distribution of metallicity in galaxies is homogeneous. On the other hand, if f poll 1, the spatial distribution of metallicity is still inhomogeneous, i. The observed dwarf galaxies such as Carina, Draco, Fornax, and Sculptor contain r-process elements in EMP stars, although the number of observed EMP stars is insufficient to allow us to discuss the star-to-star scatters of r-process elements (e.g. Frebel & Norris 2015) . The early SFRs of these galaxies inferred from the colourmagnitude diagrams are ∼ 10 −3 M ⊙ yr −1 (de Boer et al. 2012a,b) . These values are consistent with models A and B. This result implies that the initial dynamical time of these dSphs might have been of ∼ 100 Myr.
As discussed in Section 4.1, if the SFR is high such as model C, only high-metallicity stars are enriched by r-process. The Sagittarius dwarf galaxy is a candidate for galaxies like model C because it has r-process elements only in [Fe/H] > −1 if we can sample enough number of stars which have been a member of the Sagittarius dwarf galaxy since it was formed. Most stars in the Sagittarius dwarf galaxy are older than 5 Gyr (de Boer, Belokurov & Koposov 2015) . The Sagittarius dwarf galaxy might have formed with a high initial density and formed stars with a high SFR. However, the number of observed stars is not sufficient to permit us to reach a conclusion. We need statistics of the stars at [Fe/H] < −1 to confirm that r-process elements are absent in this galaxy.
According to the above discussion, we find that the initial density of haloes of galaxies significantly affects the early SF and the enrichment of r-process elements. Although we should confirm this in cosmological simulations of the formation of dwarf galaxies, we expect that their evolutions are similar to our model results once they become a self-gravitating system.
Effects of total mass of haloes
According to the hierarchical merging paradigm, the MW halo is formed via accretions of sub-haloes with different masses. The total mass of each galaxy, as well as the density, is also an important parameter which affects the final metallicity and stellar mass of galaxies (Revaz & Jablonka 2012) . Thus, it is necessary to ex- We plot models A to D from left to right. Gray scales are the number of stars predicted in our models, between 1 (black) to 10 (white). The small dots are the observed value of the MW halo stars (e.g. Roederer et al. 2014) . Red, blue, green, cyan, magenta, and orange dots are the observed value of Carina (Shetrone et al. 2003; Venn et al. 2012; Lemasle et al. 2012) , Draco (Shetrone et al. 2001; Cohen & Huang 2009 ), Fornax (Lemasle et al. 2012) , Leo I (Shetrone et al. 2003) , Sculptor (Shetrone et al. 2003; Geisler et al. 2005) , and Ursa Minor (Shetrone et al. 2001; Sadakane et al. 2004; Cohen & Huang 2010 ) dwarf galaxies, respectively. All data are compiled in SAGA database (Suda et al. 2008 (Suda et al. , 2011 Yamada et al. 2013 ). amine the enrichment of r-process elements in dwarf galaxies with different masses. Fig. 12 shows time variation of SFRs in models A, E, and F. SN feedback suppresses SFRs in all these models in the early phase. Their dynamical times are of order ∼ 100 Myr, which is longer than the lifetime of massive stars. In these models, SN feedback can heat the gas around the SF region and prevents subsequent new SF. lines. Fig. 13 suggests that the rate of increase in [Fe/H] is an almost identical trend irrespective of the total mass. 
Merger times of NSMs
Here, we discuss the effect of merger times of NSMs. In the previous section, we find that the SFR in the early phase determines the metallicity at the time when the first NSM occurs. The star-to-star scatters of [Eu/Fe] decrease as the central density increases depending on the models adopted here (Fig. 10) . As the central density increases, the dynamical time becomes shorter, and the star-to-star scatter of [Eu/Fe] decreases. To quantitatively examine the relation among three quantities of the distribution in [Eu/Fe] vs. [Fe/H] diagram, dynamical times, and NS merger times, we carried out simulations assuming NS merger times of 10 Myr and 500 Myr. These merger times are respectively shorter and longer than our fiducial value (100 Myr). Dominik et al. (2012) suggest that the distribution of merger times has a power law with an index of −1 and the minimum time is ∼ 10 Myr in their binary stellar evolution models. As we mentioned in Section 2.1, Eu in EMP stars should come from NSMs whose merger times are shorter than the typical lifetime of SNe Ia progenitors, i.e. ∼ 1 Gyr. We thus adopt NS merger times of 10 and 500 Myr for models A, B, C, and D. From these results, we find that star-to-star scatters of rprocess elements are not strongly affected by the merger time in the range 10 -500 Myr. This result suggests that even if NSMs have a distribution of merger times, the distribution of [Eu/Fe] in EMP stars does not significantly change as shown in the previous studies (Shen et al. 2015; Hirai et al. 2015) .
IMPLICATIONS TO THE FORMATION OF THE MW HALO
As discussed in Section 4, models with low SFR ( 10 −3 M ⊙ yr −1 ) at the beginning can reproduce the large scatters in [Eu/Fe] of EMP stars. Therefore, if the EMP stars in the MW halo formed in accreting sub-haloes, the SFR in the sub-haloes would be suppressed such as in models A, B, E, and F. On the other hand, the average metallicity of the MW halo is [Fe/H] = −1.6 (Ryan & Norris 1991) . Also, the constant α-element to iron ratio in the MW halo stars ([α/Fe] ≈ 0.5) indicates no contribution of SNe Ia. This observation means that the metallicity of the MW halo reaches [Fe/H] = −1.6 before beginning of the contribution of SNe Ia (∼ 1 Gyr). According to Figs. 9 and 13, the average metallicity in models A, B, E, and F is [Fe/H] −2.5 at 1 Gyr. This result means that the contribution of SNe Ia starts to occur at [Fe/H] ∼ −2 in models A, B, E, and F. This contradicts the observed [α/Fe] abundance in the MW halo. Assembly of galaxies as in models A, B, E, and F is not possible to explain the whole metallicity range of the MW halo. It is thus required to consider other reasons to explain the stars with [Fe/H] > −2 in the MW halo.
In this study, we adopt isolated dwarf galaxy models. This assumption would underestimate the rate of increase in metallicity. The main halo of the MW should have encountered mergers of subhaloes in the context of hierarchical structure formation. This event may induce high SFRs and increase the metallicity later forming EMP stars. The star-to-star scatters of r-process elements would be formed in haloes like models A, B, E, and F. Stars with [Fe/H] > −2 observed in the MW halo would be formed in haloes like model C. It is possible to prove whether these events really occur or not by From left to right, we plot models A, E, and F. We plot models in three left panels at 1 Gyr after the onset of SF. We plot model F in the rightmost panel at 3 Gyr from the start of the simulation. Symbols are the same as in Fig. 10 . analysing MW formation simulations with higher resolution. We will discuss this in our forthcoming paper.
SUMMARY
We performed a series of N-body/SPH simulations of the chemodynamical evolution of dwarf galaxies by varying the initial central density and the total mass of the models by one order of magnitude. We find that the distribution of r-process elements in EMP stars significantly depends on the dynamical evolution of galaxies reflecting different dynamical structures of galaxies (Fig. 10) . The initial density, which determines the dynamical time (t dyn ) of galaxies, is the most important fundamental parameter to determine the distribution of stars in [Eu/Fe] vs. [Fe/H] . The dynamical times of dwarf galaxies significantly affect the time variations of SFRs (Fig.  8) . Models with longer dynamical times tend to form stars more slowly. We find that the early SFR is suppressed to be less than 10 −3 M ⊙ yr −1 in galaxies with dynamical times of ∼ 100 Myr. If the value of t dyn is similar, such models show a similar distribution of [Eu/Fe] vs. [Fe/H] regardless of the total mass, which is consistent with the observation of EMP stars. With a higher initial density of galaxies, in contrast, [Eu/Fe] distribution shifts to a higher metallicity and the star-to-star scatters diminish. We confirm that the scatters of [Eu/Fe] mainly come from the inhomogeneity of the metals in the ISM whereas the scatters of α-elements are predominantly due to the difference in the yield of each SNe.
These results suggest that the observed star-to-star scatters of [Eu/Fe] in EMP stars in the MW halo can be explained by NSMs if the MW halo formed via accretion of dwarf galaxies with the initial central density of < 10 8 M ⊙ kpc −3 . Our results also imply that [Eu/Fe] distribution in individual galaxies reflects the early SFR and dynamical times of galaxies.
We also find that NS merger times between 10 Myr and 500 Myr do not strongly affect the final results. Low-density models such as models A and B can predict star-to-star scatters in [Eu/Fe] even if we assume an NS merger time of 500 Myr (Fig. 17) . To explain the final abundance, we do not need to adopt unlikely short merger times if the SFR is suppressed to be less than 10 −3 M ⊙ yr −1 .
We expect that future precise observations of EMP stars in dwarf galaxies will prove the early evolutionary history of the LG galaxies. If the star-to-star scatters of [Eu/Fe] would appear in galaxies at similar metallicities with different stellar mass, the SFR of galaxies should be lower than 10 −3 M ⊙ yr −1 regardless of their total mass. On the other hand, if the smaller scatters would appear at higher metallicities in galaxies with higher stellar mass, this could be a signal that the early SFRs for heavier galaxies is higher due to higher initial central density. This study suggests that the future high-dispersion spectroscopic observations of the abundance of rprocess elements will be able to constrain the early evolutionary histories of LG galaxies. 
